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SUMMARY 


This report describes additional experimental results for a program which 
was originally conducted to investigate aerodynamic means for increasing turbine 
stage loading and turbine blade loading consistent with high efficiency (Reference 
1) . Four additional highly loaded fan drive turbines were tested: 1) a three- 

stage turbine using all plain blading (base case), 2) a three-stage turbine 
with a ten-degree tangentially leaned stator and tandem rotor in stage three, 

3) a three-stage turbine using a tandem stator in stage two, and 4) a three- 
stage turbine using a tandem stator in stage two and a ten-degree tangentially 
leaned stator in stage three. Each turbine was designed to the same velocity 
diagram, and each used the same constant inside-diameter flowpath. 

At design equivalent speed (3169.0 rev/min) and design total-to-total 
pressure ratio (3.47) the turbine utilizing the stage two tandem stator (with 
all other bladerows plain) achieved an overall total-to-total efficiency of 
approximately 0.887 as compared to 0.886 for the all plain blade turbine. 

Although this represented the highest level of efficiency yet attained for a 
three-stage turbine in this program, it is well below the level predicted on the 
basis of previous tests results. Incidence loss on the stage three vane has 
been identified as the primary cause. 

Retest of a two-stage turbine utilizng the stage two tandem stator confirmed 
the significant increase in two-stage total-to-total efficiency afforded by the 
use of this bladerow. 



INTRODUCTION 


The development of high-bypass-ratio turbofan engines for future aircraft 
propulsion schemes requires the development of fan turbines with increasingly 
higher work output. The requirements of smaller turbine diameters and reduced 
rotative speeds generate the need for turbines with higher aerodynamic 
loadings. 

The NASA Highly Loaded Multi-Stage Fan Drive Turbine Program was estab- 
lished to investigate advanced turbine airfoil concepts to meet the require- 
ments of higher loading while maintaining a high level of turbine aerodynamic 
performance . 

During the initial planning of the program seven air turbine configurations 
were selected for testing which best represented the optimum test plan to 
evaluate the effects on overall turbine performance of the high lift devices 
which consisted of tandem stator and rotor airfoils and tangentially leaned 
stator airfoils. 

The seven turbine configurations tested are described in detail in 
Reference 1. Test results are presented in tabular form in Table VIII of 
that report. 

In view of the configurations that were tested, it became apparent that 
the testing of additional configurations with the existing airfoil hardware 
was required in order to completely isolate the individual effects of the 
tandem and leaned airfoils on the overall performance of the three stage 
turbine. 

The program described herein was a nine-month follow-on investigation 
to provide additional experimental information on the performance of the 
existing airfoil bladerows. 

The program was divided into three task items of activity. Under Task 
IA, Testing, five air turbine configurations were assembled and tested. 
Determination of the overall operating characteristics of these five config- 
urations was accomplished under Task IIA, Data Reduction and Analysis. Task 
IIIA, Reporting, has as its purpose the orderly presentation of all test 
results and analyses and is completed with this report. 
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AERODYNAMIC EVALUATION 


TEST VEHICLE 

Requirements - The analysis and design of the three fan drive turbines 
which were investigated are presented in detail in References 3 through 5. An 
existing highly-loaded fan drive turbine rotating rig was modified for the test 
and performance phase of the program. The turbine design requirements were 
scaled for a turbine exit tip diameter of 28.4 inches in order to utilize the 
existing test rig. The full-size and scaled turbine design requirements are 
presented below: 


Parameter 


Full Size 

Scaled 

Average Pitch Loading, 2 ^ ^2 

0 


1.5 

1.5 

Equivalent Specific Work, E/9 , (Btu/lbm) 

cr 

33.0 

33.0 

Equivalent Rotative Speed, N/y' 

6 , (rev/min) 

cr 

2000 

3169 

Equivalent Weight Flow, W/0^ 

e/6, (lbm/sec) 

70 

28 

Inlet Swirl Angle (degrees) 


0 

0 

Exit Swirl Angle Without Guide 

Vanes (degrees) 

<5 

<5 

Maximum Tip Diameter (inches) 


45.0 

28.4 

Number of Stages 


3 

3 

w/jyP T at Inlet 


108.4 

43.16 

Ah/T T 


0.0635 

0.0635 

N/^ 


87.7 

138.98 


Configurations Tested - All bladerows tested in this program were designed 
to the three-stage turbine velocity diagrams presented in Figure 1. In order to 
further isolate the effects of the stage two tandem stator, the stage three 
tangentially leaned stator, and the stage three tandem rotor, a total of five 
configurations were tested. These configurations are described below. 


Configuration 


Symbol 


Description 


1A PPPPPP Three-stage turbine with plain blading 

in all bladerows. This configuration is 
shown in Figure 2 and is the same as Con- 
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2A 


3A 


4A 


5A 


PPPPLT 


PPTPLP 


PPTPPP 


PPTP 


figuration 1 of the original test series. 
This turbine was run to verify test cell 
repeatability from the original test 
series. 

* • - 1 

Three-stage turbine with leaned stator 
and tandem rotor in stage three and plain 
blading in all other bladerows. This 
configuration was run to investigate the 
effects of the tandem rotor operating in 
the improved flow field generated by the 
leaned stator (see Fig. 88 in Reference 1) 

Three-stage turbine with tandem stator in 
stage two, leaned stator in stage three, 
and plain blading in all other bladerows. 
This configuration was tested in antici- 
pation of its representing the optimum 
combination of bladerows. 

Three-stage turbine with tandem stator in 
stage two and plain blading in all other 
bladerows. This was an optional config- 
uration (not contractually required) and 
was tested in order to investigate the 
effect of the stage two tandem stator 
operating in a three-stage turbine. In 
previous testing of a two-stage confi- 
guration, this bladerow was shown to be 
highly efficient relative to the stage 
two plain stator (see Table VI) . 

Two-stage turbine with tandem stage two 
stator and plain blading in all other 
bladerows. This configuration is shown 
in Figure 3 and is the same as Configur- 
ation 4 of the original test series 
(Reference 1) . This turbine was tested 
in order to verify the presence of the 
significant performance payoff realized in 
the original test series using the tandem 
stage two stator and was also optional 
for this program. 


Photographs of the turbine blading used in the testing of these five turbine 
configurations are presented in Figures 4 through 9. 

TEST APPARATUS AND INSTRUMENTATION 


Test Facility - The five turbine configurations were tested in the same General 
Electric Company's Evendale Air Turbine Test Facility as the original seven 
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configurations. A typical test facility configuration is shown in Figure 10. 

A detailed description of the facility as configured for this program is pre- 
sented in Reference 1. 

Data Acquisition System - The data acquisition system for the test facility is 
capable of recording up to 200 temperatures and 350 pressures , in addition to 
other specific turbine performance parameters. 

Temperature measurements are obtained using Chromel-Alumel thermocouple 
wire. Corrections for temperature recovery over the expected range of Mach 
numbers and for flow incidence angles are made in the cell data reduction program. 

Pneumatic pressure signals from the turbine rig are fed to precision strain 
gage pressure transducers within the control room. 

For a detailed description of the test cell data acquisition system and 
calibration techniques, see Reference 1. 

Instrumentation - Figure 11 shows the location of the instrumentation used in the 
testing of the five turbine configurations- An instrumentation scheme was used 
which permitted removal of downstream turbine stages without requiring the 
reinstrumentation of upstream stages. , 

Turbine inlet instrumentation was affixed to the leading edge of the inlet 
strut frame on each of ten struts located 36 degrees apart, and approximately ten 
inches upstream of the first stage stator. Turbine inlet temperature was mea- 
sured with 25 Chromel-Alumel thermocoupiles mounted in high recovery stagnation 
tubes affixed to the leading edge of the inlet strut frame on each of five struts 
72 degrees apart. They were located radially at the area centers of five equal 
annular areas. Inlet total pressure was measured with 25 Kiel-type probes 
located in an identical manner as the total temperatures above, but on five 
alternate struts 72 degrees apart. These pressures were measured Independently 
by means of the scanner-transducer system and then arithmetically averaged in the 
data reduction program. They were also pneumatically averaged, using a specially 
designed averaging block, measuring an average output on a single pressure 
transducer. 

Inlet static pressure was measured with five equally spaced static pressure 
taps located on both the inner and outer flowpaths in a straight annular section 
about 1.7 inches upstream of the first stage stator. These static pressure taps 
were used to check the circumferential uniformity of the flow and to calculate 
the turbine inlet total pressure. 

Interstage static pressures were measured with four static pressure taps 
installed on both inner and outer flowpath casings, approximately 90 degrees 
removed, in the cavity area before and after each stator. 

Turbine outlet total temperature and total pressure were measured with six 
fixed circumferential arc rakes 60 degrees apart, located radially at the 
centers of six equal annular areas, and approximately four inches downstream 
of the last stage rotor. A total of 36 total temperatures and 72 total pressures 
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were measured. Each rake contained twelve Kiel-type pressure elements located 
side-by-side, and six shielded ‘thermocouple elements side-by-side. The total 
pressures were averaged both arithmetically and pneumatically in the same manner 
as the inlet pressure measurements. 

Six turbine outlet static pressures were measured on both the inner and 
outer flowpaths. Elements were spaced 60 degrees apart and were located approxi- 
mately four inches downstream of the last stage rotor. 

Turbine outlet total temperature and total pressure were additionally 
measured by a radially and circumferentially traversing combination probe. A 
fast response pressure differential servo-system aligned the probe with the 
flow and provided an electrical output proportional to the flow angle. Total 
temperature, total pressure and flow angle were recorded on X-Y chart recorders 
as functions of either radial Immersion or circumferential position. The probe 
was located approximately one inch downstream of the last stage rotor. 

Air flow to the turbine was measured using a calibrated circular arc venturi 
which was operated at critical flow conditions. The venturi inlet pressure 
and temperature were measured using wall static pressure taps and Chromel-Alumel 
air thermocouple probes located upstream of the venturi throat. 

Three independent speed measurements were provided by an indicating system 
consisting of a 60-tooth gear attached to the turbine shafting and three station- 
ary magnetic sensors located very close to the gear teeth. Electrical impulses 
resulting from the passing of each tooth provided an electrical frequency pro- 
portional to turbine speed. Electrically time integrating this signal provided 
the speed indication, accurate within +1 rpm. During the course of each data 
heading, twelve different samples of speed were recorded and arithmetically 
fivetaged . 

The torque measurement system consisted of a dual bridged shaft-mounted 
tcirque sensor. The strain sensitive spool section was located between the 
tdrbine shaft and the waterbrake shaft with a specially designed slip ring 
mounted behind the waterbrake to transmit electrical signals to the digital 
recorder. Each bridge was excited with its own independent electronics system 

and read out or displayed through the digital data acquisition system. 

1 

Torque calibrations were performed in place using a precision torque arm 
and dead weights, whose weight values are traceable to the National Bureau of 
Standards. Dead weight calibrations were conducted prior to each test run to 
verify repeatability of torque zeros and bridge linearity. In addition, exten- 
sive temperature calibrations were made to define torque zero and modulus changes 
over the operational temperature range, even though these effects are less than 
0.25 percent. 

TEST PROCEDURE 

The turbine inlet conditions were set at 700° R and 30 psia at all test 
points. 
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The performance mapping of the turbine was accomplished by selecting test 
points within the following range of variables: 

• Speed - from 80 to 120 percent of design speed 

• Pressure ratio - from that corresponding to approximately 75 percent 
design ideal enthalpy drop to a pressure ratio corresponding to approxi- 
mately 105 percent design ideal enthalpy drop except configuration 4A 
which was not tested below a pressure ratio corresponding to approxi- 
mately 93 percent of design ideal enthalpy drop. 

The following performance data were obtained at each test point: 

• Turbine weight flow 

• Rotative speed 

• Torque 

• Inlet total temperature 

• Inlet total and static pressures 

• Exit absolute flow angles 

• Exit total and static pressures 

• Exit total temperatures 

• Flowpath hub and tip interstage static pressures 

Three complete sets of data were recorded at each test point and processed 
through the on-line computer which permitted an immediate evaluation of the 
reduced data. 

Key performance parameters were continually monitored to insure accuracy 
and consistency of the test data. The design point was periodically reset 
throughout the testing to monitor the repeatability of the facility and the 
design point calculations. 

One radial and three circumferential traverses were made at each test 
point to record the turbine exit total pressure, total temperature and absolute 
flow angle. The circumferential traverses were taken at 10, 50, and 90 percent 
of the last stage rotor blade height. 

A detailed rotor exit survey was made at the design speed and design pres- 
sure ratio for each of the four three-stage turbine configurations tested. The 
survey for each configuration included seven circumferential traverses of total 
temperature, total pressure, and flow angle at the radial centers of seven equal 
annular areas. The traverses encompassed at least two last stage stator wakes. 
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DATA REDUCTION PROCEDURE 

Overall Performance - Two calculation schemes were used to reduce the Overall 
performance data. The two methods differed in only one respect. The pre- 
liminary test cell data reduction program used measured exit total pressures 
for all performance calculations while the final data reduction was performed 
using calculated exit total pressure. This exit total pressure was calculated 
using continuity by determining an integrated average flow angle from the traverses 
and combining it with the exit total temperature based on measured torque and 
the average of measured exit hub and tip static pressures. 

A more detailed description of all the calculation procedures used in the 
data reduction may be found in Appendix A. 

The following overall performance parameters were calculated for each 
of the three readings taken at each test point. 

1. Calculated total-to-total pressure ratio as obtained from indirect 
measurement . 

2. Calculated total-to-static pressure ratio as obtained from indirect 
measurement. 

3. Equivalent speed. 

4. Equivalent weight flow. 

5. Equivalent weight flow-speed parameter (product of equivalent speed 

and weight flow) . 

6. Equivalent torque 

7. Equivalent specific work 

8. Ideal equivalent specific work 

9. Efficiency (total-to-total). 

10. Blade-jet speed ratio 


These parameters are presented in Tables I through V for turbine con- 
figurations 1A through 5A respectively. 

Stage Performance - Calculations were performed to determine the efficiency 
of each stage of the various turbine configurations when the three stage turbine 
was operating at its design speed and design total-to-total pressure ratio. 
Design total-to-total pressure ratio for the three stage plain '‘blade turbine 
(Configuration 1A) was defined to be that at which the design equivalent speci- 
fic work of 33.0 Btu/lbm was extracted. All stage efficiency calculations were 
performed with a three-stage turbine total-to-total pressure ratio of 3.47. In 
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order to determine the stage efficiencies, it was necessary to determine the 
key performance parameters of the two-stage and one-stage turbine when the 
three-stage turbine was operating at its design point. Basic to the stage 
efficiency calculation was the assumption that removal of downstream turbine 
stages did not alter the design point performance of the two-stage and one- 
stage turbines, e.g., the two-stage turbine behaved identically when run by 
itself and when run in the three-stage turbine. 

A detailed outline of the stage efficiency calculation along with a 
sample calculation is presented in Appendix B. 

Rotor Exit Survey Calculations - The rotor exit surveys of total pressure, 
total temperature, and absolute flow angle, which were taken at the design point 
of each turbine configuration, were used to construct contour plots of local 
efficiency and local absolute flow angle. Local efficiencies were calculated 
from the following parameters: 

• Measured inlet total temperature 

• Calculated inlet total pressure based on continuity using measured 
inlet static pressure and measured airflow 

• Local exit total pressure measured by the traverse probe 

• Local exit total temperature measured by the traverse probe 
EXPERIMENTAL RESULTS AND DISCUSSION 

Test Cell Repeatability - In order to verify the consistency of air tur- 
bing test facility data acquired during this test series with that acquired 
during the original test series, the three-stage turbine with all plain blade- 
rows was rerun as a base case. Figures 12 through 14 present design speed curves 
of equivalent torque, equivalent weight flow, and turbine total-to-total efficien- 
cy versus turbine total-to-total pressure ratio for Configuration 1A (PPPPPP) of 
this series and Configuration 1 (also PPPPPP) of the original series. These 
plots confirm the test cell repeatability, thus establishing a base for com- 
parison between the original turbine test series and this follow-on test series. 

Overall Performance - The reduced data and calculated parameters are 
presented in the following curves for each turbine configuration: 

1. Equivalent torque versus calculated total-to-total pressure ratio. 

2. Equivalent weight flow versus calculated total-to-total pressure ratio. 

3. Equivalent specific work versus calculated total-to-total pressure ratio. 

4 . Total-to-total efficiency versus calculated total-to-total pressure ratio 

5. Total-to-total efficiency versus blade-jet speed ratio. 

6 . Equivalent specific work versus equivalent weight flow - speed 
parameter with lines of constant calculated total-to-total pressure 
ratio, constant speed, and constant efficiency. 
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The above curves utilize constant values of equivalent speed as a parameter 
and are shown in Figures 15 through 43. 

In Figures 44 through 47, some of the reduced data for the plain blade 
turbine build (Configuration 1A) are compared to the pretest predictions which 
were originally presented in Reference 3. The data show reasonable agreement with 
predictions in the vicinity of the design point, with some divergence occurring 
at far off-design points. The predictions were made with the use of an off-design 
turbine computer program (Reference 6) and some disagreement was expected because 
of the assumptions used in the program. The computer program uses constant loss 
coefficients (such as bladerow efficiencies and rotor and stator total pressure 
recovery factors) at each operating point. The differences seen in the equiva- 
lent weight flow versus pressure ratio curves was attributed partially to the 
coefficients used in the computer program, and partially to variations in 
bladerow throat areas in the assembled hardware compared to design intent. 

In Figure 48, total-to-total efficiency versus total-to-total pressure 
ratio for the design equivalent speed line is compared for all three-stage 
turbine configurations. At the design point (Pressure ratio = 3.47 for Con- 
figuration 1A) the efficiencies fell within four-tenths of one-percent of each 
other. Configuration 2A (PPPPLT) exhibited the lowest design point efficiency 
of all the three-stage builds, due primarily to a lower bladerow efficiency for 
the stage three tandem rotor (see Stage Performance ). Configuration 3A (PPTPLP) 
showed no significant increase in design point efficiency over the base case 
(Configuration 1A-PPPPPP) , and Configuration 4A (PPTPPP) demonstrated an ad- 
vantage of less than one-tenth of one-percent in design point efficiency over 
the base case. While this represents the highest level of efficiency yet 
attained in this program, it is well below the full oner-percent increase pre- 
dicted for Configuration 4A on the basis of test results from a two-stage turbine 
utilizing the stage two tandem stator (Table VIII, Reference 1) . The discrepancy 
between the expected level of performance and the level realized during actual 
test can be partially explained by the fact that a high stage exit swirl from 
the two-stage turbine with a tandem stage two stator (see Rotor Exit Survey , 
this report) resulted in excessive positive incidence on the stage three stator, 
a bladerow which is characterized by its extreme sensitivity to positive inci- 
dence. A detailed analysis of the losses associated with the higher positive 
incidence is presented in Appendix C. Results of that analysis indicate that 
a loss of approximately one-half of one-percent in three-stage turbine efficiency 
is attributable to excessive positive incidence on the stage three stator. Thus 
most of the benefit derived from the improved performance of the tandem stage 
two is masked in the three-stage build by a poorly performing stage three. The 
fact that Configuration 3A (PPTPLP) performance is below that of Configuration 
4A seems to Indicate that the incidence problem is accentuated somewhat by stator 
lean. 


In Figure 49, equivalent weight flow versus total-to-total pressure ratio 
for the design equivalent speed line is compared for all three-stage configurations. 
Note that the equivalent weight flow for the configurations utilizing the tandem 
stage two stator is lower than that for the configurations utilizing the plain 
stator in stage two. This difference in flow was also noticed during the 
original test series and is reported in Reference 1. 
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Figures 50a and 50b present total-to-total efficiency versus total-to-total 
pressure ratio for the two-stage turbines. Figure 50a compares efficiency based 
on measured total temperature drop across the turbine and measured inlet and exit 
total pressures for Configuration 4 (PPTP) and Configuration 2 (PPPP), both from 
the original test series. This is included to further substantiate the improved 
performance of the two-stage tandem turbine which was originally reported in 
Reference 1. Figure 50b compares efficiency based on measured torque and calcu- 
lated inlet and exit total pressures for Configuration 5A (PPTP) and Configuration 
2 (PPPP). Again, the advantage afforded by the tandem stator is obvious. 

In Figures 51 through 54, curves of static pressure normalized by inlet 
total pressure versus axial station are presented for various turbine pressure 
ratios to illustrate the interstage hub and tip static pressure behavior of 
the 3-stage turbine configurations. Figure 51 (Configuration 1A - PPPPPP) in- 
dicates that the stage one rotor hub at lower pressure ratios had positive 
reaction and as pressure ratio increased, the reaction became negative. Stage 
one was designed for approximately eight percent positive hub reaction, while 
test data indicated slightly negative hub reaction at the design point. Figure 
51 also indicates that the stage three rotor hub at lower pressure ratios had 
positive reaction which became negative reaction as the pressure ratio increased. 
In this case, the stage three rotor hub was designed for approximately twenty 
percent negative reaction. Figures 52 and 53, normalized static pressure for 
Configurations 2A (PPPPLT) and 3A (PPTPLP) respectively, illustrate the in- 
fluence of the stage three tangentially leaned stator on reaction. Both of these 
leaned stator configurations had a positive reaction stage three rotor throughout 
their entire operating range. 

Stage Performance - Stage performance calculations were performed to 
evaluate the performance of the all-plain third stage in Configuration 4A 
(PPTPPP) and of the leaned/tandem (/LT) third stage in Configuration 2A (PPPPLT). 

In Appendix B of Reference 1, the stage efficiency of the all-plain third 
stage (/PP) was calculated to be 0.923 while operating in Configuration 1 
(PPPPPP). In Appendix B of this report, however, the efficiency of that same 
state was calculated to be only 0.877 while operating in Configuration 4A 
(PPTPPP). The major part of this third stage performance decrement has been 
attributed to the positive incidence problem, previously discussed, that arises 
when the stage two tandem stator is used in the three-stage builds. The reader 
is again referred to Appendix C of this report for a more detailed analysis of 
the incidence loss problem. 

The combination of the stage three tangentially leaned stator and stage 
three tandem rotor was calculated to have a stage efficiency of 0.909 while 
operating in Configuration 2A (PPPPLT), while the combination of the stage three 
plain stator and the stage three tandem rotor exhibited a stage efficiency of 
0.918 operating in Configuration 5 (PPPPPT) of the original test series. Stage 
three efficiency attained utilizing all plain blading was 0.923. These results 
indicate that the stage three tandem rotor is inherently less efficient than the 
stage three plain rotor, even when operating in the improved pressure field 
generated by the leaned stator. 
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Results of stage performance calculations for this program and for the 
original program are summarized in Table VI of this report. 

Rotor Exit Survey - Turbine efficiency contour plots showing local efficiency 
as a function of radius ratio and circumferential position for each turbine con- 
figuration design point are presented in Figures 55 through 58. These plots are 
useful for observing trends in so far as they indicate the regions of high 
efficiency at the pitchline between the last stage stator wakes and the regions 
of low efficiency in the vicinity of the tip, with a large decrease in efficiency 
toward the hub. 

The temperature and pressure data used to construct these plots were man- 
ually read from the X-Y charts produced by the traversing survey probe. The 
accuracy of this technique is only sufficient to determine local trends and not 
absolute level of local efficiency; thus, the reader is cautioned against 
drawing conclusions about the relative performance of the various turbine configu- 
rations from these contour plots. 

Figures 59 through 64 present contour plots showing local exit swirl angle 
as a function of radius ratio for each turbine configuration design point. The 
distinguishing characteristic among the three-stage turbines is the difference 
in swirl gradient from hub to tip for those turbines utilizing the stage three 
tangentially leaned stator (Configuration 2A-PPPPLT, and Configuration 3A-PPTPLP) 
as opposed to those utilizing the plain stator (Configuration 1A-PPPPPP , and 
Configuration 4A-PPTPPP) . The stator lean tends to bring the hub and tip swirls 
closer to the pitch value. This trend was also reported in Reference 1. 

The swirl contour for Configuration 2 (PPPP) of the original test series is 
included as Figure 64 to provide a comparison with Configuration 5A (PPTP) , shown 
in Figure 63. This comparison clearly illustrates the increased level of swirl 
for the two-stage tandem turbine. 

Recommended Improvements - The results of this follow-on series of air 
turbine tests together with the test results from the original program (see 
Reference 1) suggest the following areas of potential improvement in three-stage 
turbine performance: 

1. Stator Redesign 

a) Redesign the stage two and stage three stators for slightly 
negative incidence as indicated by the results of the rotor 
exit survey and cascade test results (see Reference 2) . The 
anticipated improvement in three-stage turbine design point 
efficiency ^resulting from such a redesign is one-half of 
one-percent (see Appendix C) . 

b) Investigate a tandem arrangement for the stage three stator 
using the same solidity as the stage three plain stator. 

c) Redesign all stators using a curvilinear lean distribution, with 
positive lean at the hub and negative lean at the tip. Figure 
65 presents the radial efficiency profiles for Configuration 1 
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(PPPPPP) and Configuration 7 (PPPPLP) of the original program. 

This comparison illustrates the improved performance in the hub 
region realized by using a stator with constant 10° positive 
tangential lean (see Figure 6). Note, however, that a definite 
performance penalty was incurred at the tip. Similar results 
were noted in Reference 7, where stators with curvilinear lean 
reduced losses significantly in annular cascades with sloped 
outer walls. 

Rotor Redesign 

Redesign all rotors for slightly negative incidence to provide a 
high level of performance at both design and off-design operating 
conditions. Cascade test results reported in Reference 2 indicate 
a high sensitivity to angle of attack. 

Non-Free Vortex Velocity Diagram 

Establish a radial work distribution to extract more work in the high 
performance pitch region and to unload the hub and tip regions. This 
would effectively decamber the bladerows near the endwalls, resulting 
in lower secondary losses in these regions. The radial efficiency 
profiles in Figure 65 provide some indication of the need to reduce 
the strong endwall secondary flow fields. 

Redesign the Three-Stage Turbine to Include Outlet Guide Vanes (O.G.V.'s) 

Addition of O.G.V.'s to the three-stage turbine would allow a more 
highly loaded third-stage, resulting in a more uniform stage energy 
split and a positive reaction stage three rotor, while keeping turbine 
exit swirl within desired limits. Reference 8 reports the test results 
for a very highly loaded 4-1/2-stage turbine in which the use of 
O.G.V.'s resulted in a loss of approximately one-half of one-percent 
in measured total-to-total efficiency relative to a four-stage con- . 
figuration without O.G.V.'s. The concept of a 3-1/2-stage turbine 
involves a tradeoff between diffusion losses in the O.G.V. 's and the 
anticipated advantages to be gained from redistribution of energy splits. 
A parametric study incorporating the experimental results of Reference 8 
into several different 3-1/2-stage turbine velocity diagrams is 
suggested to determine the practicality of such a design. 
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MECHANICAL EVALUATION 


The plain and tandem rotor blades were vibration and fatigue tested as 
part of the original program in order to insure their mechanical integrity 
during test. 

The vibration analysis consisted of bench testing to confirm analytically 
established natural frequencies and node patterns (see References 3 and 4) for 
the plain and tandem airfoils. 

Bench fatigue endurance testing was carried out to isolate possible failure 
regions and corresponding stress levels. 

Results of this testing are presented in Reference 1 and indicated that 
the blade rows possessed sufficient mechanical integrity for successful opera- 
tion in the air turbine. 
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SUMMARY OF RESULTS 


Four highly loaded fan drive turbines were tested: (1) a three-stage 

turbine using all plain blading (base case), (2) a three-stage turbine with 
a ten-degree tangentially leaned stator and a tandem rotor in stage three, 

(3) a three-stage turbine using a tandem stator in stage two, and (4) a three 
stage turbine using a tandem stator in stage two and a ten-degree tangentially 
lean stator in stage three. Each turbine was designed for the same velocity 
diagram and each used the same flowpath. The most significant results of the 
testing and evaluation are summarized below: 

1. At the design speed and pressure ratio (Px 0 /PT3 = 3.47, N//0 cr = 3169.0) 
the plain blade turbine (Configuration 1A - PPPPPP) achieved an overall 
total-to-total efficiency of 0.886. 

2. The significant increase in design point total-to-total efficiency 
which was predicted for the tandem turbines (Configuration 3A - 
PPTPLP and Configuration 4A - PPTPP) on the basis of previous testing 
of the stage two tandem stator did not materialize during test. 

Excessive positve incidence on the stage three stator in these con- 
figurations has been identified as the primary cause. Configuration 
4A (PPTPPP) did, however, exhibit a design point efficiency of approxi- 
mately 0.887, the highest level of performance yet attained in this 
program. 

3. The use of a stage three tandem rotor in Configuation 2A (PPPPLT) 
resulted in a penalty of approximately two-tenths of one percent in 
total-to-total efficiency. 

4. Retest of the two-stage tandem turbine (Configuration 5A-PPTP) con- 
firmed the significant increase in two-stage turbine total-to-total 
efficiency afforded by the use of a tandem stator in stage two. 


15 



APPENDIX A 


OVERALL PERFORMANCE CALCULATION 


Flow Angle - In order to evaluate turbine performance on the basis of tur- 
bine exit total pressure calculated from continuity, an average turbine exit 
flow angle was determined. The turbine exit flowpath was divided into stream- 
tubes, and measured values of swirl angles, total pressure, and total tempera- 
ture were used to satisfy continuity within each streamtube. The turbine exit 
measured static pressure was assumed to vary linearly from hub to tip. The 
determination of the average turbine exit flow angle processed as follows: 




Measured total pressure at center of i-th streamtube. 

Static pressure at center of i-th streamtube based on 
linear variation in measured static pressure from hub 
to tip 

Measured total temperature at center of i-th streamtube 

Swirl angle 

Density 

Absolute velocity 
Area 


m = Number of streamtubes 

i = Subscript denoting streamtube value 

ann = Subscript denoting average value for total annulus 

The average velocity representing the turbine exit flow field was calcu- 
lated by conserving the axial and tangential components of momentum, such that 
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1/2 


where 


and 


V 

avg 


V 2 + V 2 ^ 

u z / 

avg avg / 


E W. V. sin T 
li=l 1 1 1 



avg 



= Tangential component of absolute velocity 

= Axial component of absolute velocity 

= Weight flow through i-th streamtube = P-jV.A^ cos 

The average turbine exit total temperature was determined through an 
energy balance of the annular streamtubes. 


avg 


m 

E W 
i=l 



The average density at the turbine exit was obtained from the equation 
of state. 


avg 


avg R T c 


avg 


where 


= T_ 


avg 


avg 


V 

avg 

2 g Jc p 
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Overall Performance - After obtaining the average turbine exit flow angle 
the exit total pressure was calculated in the following manner: 







y/y-1 


Turbine exit Mach number, M^, was determined from the following relationship: 


V 


W R T. 


P„ A cos r 
S ann avg 




Turbine exit total temperature, T T ^, was determined as follows: 


where 



Ah 


= T x “Ah 
oo c 

p 

_ 2 rr Nt 
60 jy 


N = Turbine rotative speed, rev/min 

t = Measured torque, ft-lbf 

T = Measured turbine inlet total temperature. ° R 
Too 

W = Measured turbine weight flow, lbm/sec 

Turbine inlet total pressure was calculated in the same manner as the 
turbine exit total pressure. The^calculation used measured airflow, measured 
inlet total temperature, the average of measured hub and tip static pressures, 
and the assumption of zero inlet swirl angle. 


The remaining parameters used in the overall performance calculation were 
obtained as follows: 


6 = P T /14.696 

‘■o 

6 = T t /51S.688 

cr l oo 

e = 1.0 (for y = 1.4) 

Equivalent Speed, N EQV = N//fT^ 

Equivalent Weight Flow, WA EQV = W/0 cr e/6 
Weight Flow-Speed Parameter, WAN EQV = WNe/606 
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Equivalent Torque, TO EOV = xe/6 

Equivalent Specific Work, DH EQV = — = - 

0 

cr 

Ideal Equivalent Specific Work, DHI EQV = 


2tt Nt 
60 J 0 


cr 


W 



Total-to-total Efficiency, ETA TT 




Blade- Jet Speed Ratio, U/CO = 



where: 


m = number of turbine stages 

D = pitchline diameter of the i-th rotor 
P 
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APPENDIX B 


STAGE EFFICIENCY CALCULATION 


Calculations were performed to determine the efficiency of the third stage 
of Configuration 2A (PPPPLT) and of Configuration 4A (PPTPPP) with both three 
stage turbines operating at the design point. In order to compare the stage 
efficiencies on an equal basis, calculations were performed for a three-stage 
turbine total-to-total pressure ratio of 3.47. This is the pressure ratio at 
which the design equivalent specific work of 33.0 Btu/lbm is extracted when 
the three-stage plain blade turbine operates at the design equivalent speed. 

The calculation procedure is outlined below: 

1. Enter curves of equivalent specific work versus total-to-total 
pressure ratio at design equivalent speed for the three-stage 
turbines to obtain equivalent specific work at a pressure ratio 
of 3.47. 

2. Enter three-stage turbine curves of normalized static pressure 
versus total-to-total pressure ratio at a pressure ratio of 
3.47 to determine normalized static pressure at the hub and 
tip of stage two exit. 

3. At the stage two normalized hub and tip exit static pressures, 
enter curves of normalized static pressuer versus total-to-total 
pressure ratios across the two-stage turbines. 

4. Enter curves of equivalent specific work versus total-to-total 
pressure ratio for the two-stage turbine to determine its 
equivalent specific work. 

5. Using the above information and Keenan and Kaye's Gas Tables 
(Reference 9), calculate the stage efficiencies. 

The following example shows how the efficiency of the all plain third 
stage (/PP) operating behind the two-stage tandem combination (PP/TP) was 
calculated using test results for configuration 4A (PPTPPP) and Configuration 
5A (PPTP) . 

1. At ( p T 0 /P T 3 ) 4A = 3 . 4 7> (E/0 > 4 = 33.05 Btu/lbm. 

2. At Stage Two exit, P / P T = 0.300 

s 1 o 
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Enthalpy 









Configuration 3A 

E/6 

cr 

Ah 

Stage 1 + Stage 2 

26.38 

35.601 

Stage 3 

6.52 

8.799 

Total 

32.90 

44.400 


n TT 



h Tl.5 h T3 

Vl. 5 " hx £L 


131.959 - 123.16 
131.959 - 122.276 


These results have been incorporated into Table VIII of Reference 1 which 
is presented as Table VI of this report. 
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APPENDIX C 


ANALYSIS OF INCIDENCE LOSSES 


As a result of the significant increase in performance of the two-stage 
tandem turbine (PPTP) over the two-stage plain turbine (PPPP) which was noted 
during the original test series, it became highly desirable to test the stage 
two tandem stator in a three-stage build. Based on stage performance analyses 
a full one-percent increase in design point total-to-total efficiency was expec- 
ted. During actual test of this turbine (Configuration 4A-PPTPPPP) , however, 
less than one-tenth of one-percent increase in efficiency was realized (see 
Figure 48). 

Data reduction and analysis have revealed that excessive positive incidence 
on the stage three plain stator accounted for approximately one-half of one- 
percent of this performance decrement. A review of that analysis is presented 
below. 

Figures 66 and 67 present contour plots showing incidence of the stage 
three stator as a function of radius ratio and percent circumferential location. 
Figure 66 shows that, at the design point, a typical two-stage tandem turbine 
(PPTP) produces an average of about five and one-half degrees positive incidence 
on the stage three vane, while Figure 67 shows an average of about three degrees 
for the two-stage plain turbine (PPPP). 

Figure 68 presents a plot of vane cascade efficiency, n > versus incidence 
angle, i, for a typical plain stator as cross-plotted from cascade data in 
Reference 2, Note the sharp drop off in n v with increasingly positive incidence, 
a result of suction side separation. 

Using Figures 66, 67, and 68, the incidence angle, i, and stage three sta- 
tor cascase efficiency, P V 3 » can be tabulated as follows: 


Configuration 

(i) Stage 3 

n v 3 

PPPPPP 

3.0° 

.9580 

PPTPPP 

5.5° 

.9375 


A velocity diagram study was conducted using Reference 6 to determine the 
derivative of three-stage turbine efficiency, rixT> with respect to stage three 
vanes efficiency, n v 3 . Results of this study indicate that, for a one-percent 
change in stage three vane efficiency, a resulting change of one-quarter of 
one-percent in three-stage turbine efficiency would occur. 

Applying this efficiency derivative to the values of n V 3 > in the table, 
the penalty in three-stage turbine efficiency due to excessive positive incidence 
can be calculated as follows: 
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3r| 

An rr = “an An v3 = ( * 25) (.9375-. 9580) = -.0051 
v3 


The results of this analysis, therefore, indicate that a loss of one-half of 
one percent in three-stage turbine total-to-total efficiency is attributable to 
incidence loss. 
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APPENDIX D 


A 
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D 
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o 

Ah 


Ah 


stg 


ex 


h th 

i 

L 

M 


m 

W 

n 

P 

P 

s 



LIST OF SYMBOLS 

Area (in.^) 

2 2 

Specific heat at constant pressure (ft /sec °R) 
Diameter (in.) 

Bladerow throat dimension (in.) 

Turbine energy extraction (Btu/lbm) 

Stage energy extraction (Btu/lbm) 

Height of bladerow at exit (in.) 

Height of bladerow at throat (in.) 

Incidence angle (degrees) 

Tange tially leaned bladerow 
Mach number 

Number of bladerows, streamtubes, or stages 

Rotational speed (rev/min) 

Number of vanes or blades 

Plain bladerow 

Static pressure (psia) 

Turbine exit static pressure 

Total pressure (psia) 

Turbine inlet total pressure 

Turbine exit total pressure 
2 2 

Gas constant (ft /sec °R) 

Tandem bladerow 
Static temperature (°R) 
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oo 

3 


T 
t T 

tt 

t 

U 

V 

w 

E/0 

cr 

w/§ e/6 

cr 

N /^0 

cr 

WNe/606 

gJ&h/2U 2 


Y 

6 


Total temperature (°R) 

Turbine inlet total temperature 
Turbine exit total temperature 
Spacing (in.) 

Wheel speed- (ft/sec) 

Absolute velocity (ft/sec) 

Mass flow rate (lbm/sec) 

Equivalent specific work (Btu/lbm) 

Equivalent weight flow (lbm/sec) 

Equivalent rotative speed (rev/min) 

2 

Weight flow - speed parameter (lbm/sec ) 

Loading factor 

Vane inlet absolute flow angle (degrees) 

Vane exit absolute flow angle (degrees) 

Blade inlet relative flow angle (degrees) 

Blade exit relative flow angle (degrees) 

Stage leaving swirl angle (degrees) 

Specific heat ratio 

Ratio of turbine pressure to pressure at standard sea 
level conditions 

Y S 

Function of y defined as — 

Y 



n TT 


Total-to-total efficiency based on measured torque 
and calculated inlet and exit total pressures. 


n TT 


» 


Total-to-total efficiency based on measured temperature 
drop and measured inlet and exit total pressures. 


Cascade efficiency 


0 

cr 


Squared ratio of critical velocity at turbine inlet temperature 
to critical velocity at standard sea level temperature 
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Vi Viscosity (lbm/sec— ft) 

v Blade-jet speed, ratio 

3 

p Density (lbm/ft ) 

i Torque (ft-lbf) 

t Equivalent torque (ft-lbf), = xe/6 

Subscripts 
h Hub 

i Current axial station, stage, streamtube, or ideal 

p Pitch 

r Radial component 

t Tip 

u Tangential component 

z Axial component 
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Table I. Reduced Test Data and Calculated Performance Parameters, Configuration 1A (PPPPPP) 
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Table I. Reduced Test Data and Calculated Performance Parameters, Configuration 1A (PPPPPP) 
(Continued) . 
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Table I . Reduced Test Data and Calculated Performance Parameters, Configuration 1A (PPPPPP) 
(Concluded) . 
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Table II. Reduced Test Data and Calculated Performance Parameters, Configuration 2A (PPPPLT). 
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Table II. Reduced Test Data and Calculated Performance Parameters, Configuration 2A (PPPPLT) 
(Continued) 
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> S-fiOMOO*«WOWOOOOiP «*«IVJ 9 ' 0 ^'fi»'NM < '**'fi«OCUJn«Mn 0 

<3 o<o^N®Ko®«j|/unin(M»««ooo©®win^ininifl^ininKNK.*-toooo 3 (vwinN^-«H^^K 

u> ooo9o-9‘9‘0‘a999r^r>t^®<«p»r^^r^Ai(uni99'»ooo9'0'O k ooo®o>0‘<r99in(nino^tf‘9'(yo‘. 

-« ®®®p-p-p-r-i^t-p^r-*r-f'-t'-p-r‘-»^r--®®®f-p-r- nkk ®®®p-r-r-»^r-^ininin®® <ss^p-»-kkk 
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nuthxCoooNtroNo^wcuooo-AONMOo^oK^o^omtrofM^NKOMiooMnnicrAJo^-* 

> ^ Vowin-OS^OinNOiriPKI^ON^KIOOlftBIM^-OCMMrtOMPNOO^-flOy WOOOONfOBWftl 
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u: ®«o'^(\joi/up«nnm.o^o^<jwWMcTKtwoor‘ir«^'flk»Mww«»p®<MnO'^w-'Cn:No^ow^ 

f\if\jwinN>o^<<yoo«cO' 0 -o>floyO‘ONNWin 9 wwrtO'«’ 0 -o«-oo'cro«o®fflcr^»<wK>w^^ 
z ininir-»*-»H»<»*-*KKKci09*'-<»*NNNooofflc«ir»/ur«««-«**-«»«h'h-Nociac®®ininir«-i-< 


co -o «o 9 »\j 4 >p'-r , -r-P'-®P'-ir-**“'' 9 a- -*«-*orM»*-«;np-inp»®tn'OF ,, “r«*cno®®*»F*r , «‘0‘ •-•uMn-o^iKh.ocr 9100 

a. oooww«Mnftj<vwnnn«j»flo oooooooao»oo»Ortain®®o««oofroyo»o<MMMW 

V O* 9 9- ® ® ®® ®® ®®®®®®in®<0 

O •••'••*•■•*•" ^- ■' •' 4 « •'»«•••’•« •"••••'•'■••••••• •'•••* ••'•••••••••« 

>- runjojrorOKirOrorororo»ororOrorurunjnjairunjrvirucufMf>jnjPunirO»ororwe\jruP»Jrvjnji\iPUfUfurwr\indnjnjroro 
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0‘OoooK®ooNOinsr**'fl9oou'<i/>tn«o®o»*f\if\jnNrvr , *r , *NO‘-oP‘yoo‘OKrwoor'®o-' 
9O0’0l/>iP0tftO«O4000ir in in »\Jf\JMnn9l/»’fl-000’OOKNKKKaO , y o o ® o ooin <£ 

OO O O *»*<*«*<-*o*<o^99 

Aini<MrofOrtfO»nm»o»niorOKiior\JCMAjnjni<\jryMftJftiftJ(\jr\i<Mrutn*ofn<Ufti(v<Mnf<unjiMnjAjnjf\jr\irgr\xOTm 


r 0 fur\j 9 r 09 ^®®®®<y®^ 0 -^ 0 ‘a-o^^rursjf 09 » 0 » 0 r 0 » 099 K>r 09999 r 0 r 0999 Lnin> 099 kn 9 r 0 
H »*•*•*•••*••••*•••••*•••••■•■•*♦•*•**•••*••*•••*•• 

o. ooao-o'ooo-yoo'yo'y <r a o o Oooyooooooo^oooyooo-oooyoo'ocroaoo'o 

i\i(\iniru(\H\j(M(V(M(\injnnvi(vjMnM\t(MnrcmniM(VAi(yAJMMMNniMMi\t(vniMM«MNMN<u(vjrvMU(viMAi 


co 

Ui 

o eoooooooooooooooooooooooooooooooooocoooooooooooooo 

z o®oooooooniftjM»*H*»ooo(\iNN«*»«*<ayfr««Coooooo(MN(v**-*^»»»®«)«oo 


u 

a. 


is 9 tn®r^®oo*«niro 9 n®f^® 0 ‘ 0 «^nir 09 in<o^®»o^nir 09 in®o^niro 9 in®r»®a o — • cm ro 9 in -o 

o •0<0«<OOOKKf‘>h>KN^-Nh>KO(000000000(yOIM^<MM^ O O o OO O O O O o m ««•«««•« ^ n 

o' AicuAiAiAicuAiCMAJciicvoicwMOiMAiM AiMMiwniAiMMMojMOiniMAinnnnMKiMMnrtMannnnn 
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Table II. Reduced Test Data and Calculated Performance Parameters, Configuration 2A (PPPPLT) 
(Concluded) . 
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z «eoo(uos«h'Oino«iMKM»oc?9«M«unonjincDAi 
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o ir> wtfMr *■» •» tr» in i/> <*> •-* o o o u 1 * 4r it <r mir *nir •• »• 

j .«**«•« w — «•«**••«•« W« AJ (V tv *■< — — -* fM CM l\| 


nitfl-ofn^rvi^cor^Ki^-Moroa o o- cy ooo» o (\jkiki 
O OMWK)9W9hMD-0in«OOO»O»»OOO»ONNW 

u rwAJf\i^^-»>o^' 0 'Or^r^-r , «'>or^ ooo 

"V rOWK1Klt5T*T»OW^H»nHirVA<ftJwn»O^^Kin 


OOOOOOOOOOOOOOOOO ooo ooooe c c c 


►- <3KO-£»9Kt<flirO^-6(VJOiSN'OM?««MOtAtn9MOtn 

►— f*> ® CO ^ 0O^ajM)»«oOI<l , ^Ktl0^9r / l^K15‘(>(?- 

co ® ooooco (*■ a- t^mintncMCMCMoococococococoiDco 000 

< (0 (Q in (0 cO O tO CO CD (D CO O cO O O CO CO CO (0 © © © © © © CO © 


U oooooooooooooooooooooooooooo 


> (rK\»(v»-»o»o©^rt© 9 <y©r‘^©f\j 0 -MO-oN» 
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UI -« in 1/1 © N © -O 

—* ►. 00 * 00 © 0000000 ©eKNNKNShNs««^ 

x mwmrtioKimK*KiMMronKimi»*K>roKiMinKifnKifnfnKi« 
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>• inoiN 9 «Motnio© 9 inin©©©i\i(> m© 

a i/ifnKoinM^fr^oaoa^ftiinw-ioo-mnjKi-ini/Mn 

Ui ©S^OM 9 )Ortin 9 ^O^ 9 ?^©©©©©© 0 ©©«<^« 


Z r\jrOKt^rc» 5 »cro 5 TcTtMK»r\j-«-*-«ru<\J/\jrx}r\jr\jf\ji\ir\jcocoto 

O KlWKIMmKlKlK'.MinKIfninMKlKlKIKIinKl KlKiK>*^Kl cm «m cm 


> 00“ K>r*-ir»JTr»-o-:TO“Kirvji/^^ocfOcyr^fVj^O' © ^© wa - n 
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H *4 ftj (\| (M©®©0009tf9©in^^^>"-*^^»<-<^©©® 


> i/iOflOO'~«f\ii/'0-oo-5jf-r^i^.o<o=r©rm»'-oaof^(Ci? ki -c 

a ©K)©N©«fn©N>«*nin 0 » 9 NAi®oo?iM©©©©?o 

ui *••■•'• ••*•■•••••••• •*••••••••• 

©S©©«©NN 0 MO© » ^ cyd iJiJ 99 »Oa> 

Z M^r*MC)»nfOoo^in wM©©©NNKh.Ksr»Nh*®® © 


> mftjo9MKiO'a-‘©inftiinw9^®No>rrv;NNin(ViO‘0‘® 

3 N®©N©©©»O 9 'JUninN©©KNNN 9 N©©©S 0 © 

mj oO‘»^cyac»b'®Noc>ooooa^ oo- a a i? tr o- © © © 


<«• f-cotCtficccDccr^r^f-r-r- 

X CM <M fti CM CM CM <M CM CM <M CM CM CM CM CM CM CM CM CM CM CM CM CM CM <M CM CM CM 


o « -<^wrt-HN*no-N®©»nin©inNo© 

>■• ©®oirO'©*<ofrO‘-<ftJ**in^^«ir-^®®©N©<MVin 


tu •f\J 0 ‘~‘C‘U"i-*<yc\i 0 ‘ 0 ‘— <njc\4-«— oo 

©®©© 0 "(M?©NN 3 y 3 ^rtjnj©©®®© ©©©©©©© 

MMfnrtrtromwmKMvmruivfvjNWfOrtrtfnmmMWinf'XO 


<f> in ©fnof\j^inNininni©ONOin©©^ ki rvj >© zi *tjf> 

a. »n©»o^M*«oooo-oaoa®nnvi mm tvnjnnyf\ja»» 

’■V 0OO«H^»ihmhO»iOOOO00 00C0000(M>? 

o •*•••••••«••*••«•••••►•••••• 

i- «a®®sr»sj9'T^»cr9»q , aininfnwKimyimfnftjftiN 

o. 


►- rtO®ftjsroN»»*ff'^^KiMo©©fro©N©r>.>®w-*( , u 

a. ©9in©t*-9'h©N®crc7<3(vjnioin©©inininirin©ao > o > 

-V 9 ©©©®©®©©©©©©©©© 3 ???? 9 ? 3 «NNh> 


tv 


Ki©©©®©Kh*^®ni-«-<^-4tffvinjinfn <\»K>K“. Ki*or\ifMf\i 

o o'^^e-cro-o'ao'oaoao'-o'o-o'o-o-o-o'o'o'o^o'aa 


CMCMCMCMCMAJCMCMCVICMCMCMCMIMCMCMCMCMCMCM .*VJ CVI CViOJ r\J C\J CV <\J 
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Ui 

O oooooooo-oooooc oooooooooooooo 

z o o O O Al CM CM o -« «* o- o» (O co <o o o o o o o o o o o © o 
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a. 


o h.©»o#<njiC)9in©h>©oo««njfC)in©^®oo^c\iKitfin 
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Table III. Reduced Test Data and Calculated Performance Parameters, Configuration 3A (PPTPLP) 


O 


j o o »n « — o in ^eritnuxo-fin-co-r-rwcvinj-cf-^crir ^ 4 a 9 «oioo(n«c»» 9 MKttt» 0 ‘invt^ott 

O KlK 1 K>KN*<jaK\OOOh*K^KlWKiaOO--^KhKKiKlKtir|f^«JtrK\<l<l<lKKK---<J« 3 '«J‘lKl 

J ^****^« -«***<*f* •«-* IXI.rU N Al M 


«- 6 On« 4 M 9 lAf^in' 69 N< 0 tt 94 «tf \9 9 «(n«tfurKIN 4 <flO- 4 ««ttMM»O»««N( 0 niA|OIA«intniA 

O 9>0>»09««<«<CM(\iMUMnin»9»«99000AMU(V10tninKh>K»9‘»»<IV«*Kt Miu MAIM** •*.** ** *-• 

U «««???OOOMK 1 KI»»»«««(ea)O«« 4 MIMIM? 9 ?OOO«««OOO 0 D( 0 O 93 ?' 0 ««A|lV 

KIMrt99»9acrtWWMMMKlKlK>WKIl09 99»a«rMWI»lin«KlrtWW959a9 9tfa»l0rtrtrtKI 


OOC OOCOOOOOOOC OOOOOOOOC OOO OOOO o O O O OOOCOOOOOO oooooo 


® O- N IP a ^MIMPCD^'flO'M-^MlP^^MMaWOKUN*® Mro^rAUKUP'OlPinOlPa^'A^ ?M9 »n 
93 ?«SNw 0039 ?d» 99 lP 9 NNMM**(V 0 » 999 ^NKM)?aa)fi 99 Mni^ 4 «in 4 «NK 
00)0 CD CO ®aO(>4«4MMMCO(Oe«Oa®SO‘0««44)lAKI»'l®acO CD CD ONKK0CD o SI-'KO a 
CD CD ® cO ® cO CO GO CO GO CD S> dD CD CD CO GO D O cO CO ® CO CO GO GO GO CD CO CO CD ^0 CD CD ® m ro ® GO ^0 D ® CO CO O CD CO GO CD 


UJ ooooo oooooooooooo o o o ooooooooooo O OOOOOOOO O OOO OOO o o o 


> fflNnjlPONAJIPIMNar>a- 0 O 0 iP«a- 0 f\IM^XI**' 4 O^OOlpiPlP 4 rP« 4 ' 0 ®lP?(}MlPC 0 NMOOIMP 

a Hlfl-*ftaPlPOafflOGMVMGGKHOWG*<OWOO«lPGlPIU**OCOKS»««**K«lPWlPOCfrGS 

U 1 (\;MMMMMrPMM*<****OOOMMlA«- 0 < 0 ' 0 «'««- 0 ’ 0 ' 04 - 0 « 4 D*<MMK^NU>ininsKSoON^NK 


*-* a a a a a a a a a ^g’f fc .KS»****<************-*****^* H 

X WKIK1K*K^WfPr*'»PK»»r»OWrPKUPK»MK\KIKlK»KUPKI»OinKMO»OWMlA»A>OMK»KlWH1»OK1KtWMK1K1WKIK1 


> MMAJI/>'0Min-0O®rtlAorAO**lPa0»a^KIOO^KNrtlAD'0>0oKIKM«a»M0-K»r*K«aiP«KI 

O K\iPMMP^ai\ioiMPaoo**®oo.a«MKUP-OMPaKi^a®^ctp<npipa^iPipKi-ipaiPiPirKiM 

UJ 0^0‘OOOfMMM>4*4»*4)KN^0OKNN^lPIP0«0*«*<««0»^9>(h0MMMIPUMA*«««*«OOC00' 

X (V(VIMK)KIK||Pl*)l*lAJIVniOOOIVMrOOOOOOOOOOOOOO®«IMniMOa)OKKK«O«)NNh'04 

O K>WlO»PKIK1»OKIW>OKiWKMOKIMK1WK.K>W»OKI»PKiWMWKirArUMMWM»GMMMMM MMMMMMMMM 


> MKC**MininiPK\Off-a<lffl 0 KMNM' 0 aO««OK®N 0 OaiPC® 0 O^O' 0 KKKaKMOM* 0 ®K 

cs M'0PJKiMa<MnaoK® l raM-0WMM«fAip-®0M-*M0N**«®h.®ifioiAoh-o0-*rtAjrAa®0a 

UJ 

-.rt-N®^^^ipMj®artaaKo^inip®®« ooooooaKmainG^o onngo o «-*<o ookim 
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*— ^^^^NK 000 K>KMPUllPlP-*-*-*OOO®®®®®®MMfMrPKIKl--*^®®®aaa®- 0 - 0 OOOfVAJ 

MMM»«***<* 4 ««**(UMMMMMMMMM(MM*«-******<**MMMMMMMMM*«*****«*«***«***«MMfMMM 


> ®IPMOOinKI<M4(MPOKN*<9IP4>lPin«0 > O0 4OOO9IPMOKI*4«MC|4O'04*4l\ISOOIPOlP^ 
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< 9aaSKK«<0'OK)(AcP-«**«49oaa9 9r»NN(riPiPrAiGtA««**-49a«9a«r>NNiPininiA>Aio*4*4 
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UJ (MMTftjWWGGGOOOOOO»»0'mffl«N--‘IPGGOOOOOOO(MMOOOOOCGGaffOOOO 


** ^r>-r-^r--r-*^r^r*-iDeo«coct>cDr-r-r«-f^r-r*-#^r^^r-«^r*-coffl«*i®®cc*^r-r-f^^^*>o^>^ 3 r-r-r^^cD<DCDco 

* rurucvirurururu<\jruc\jAirsir\JAJCNirvirurururxjruruojnjr\jf>j(Mojrvjrurvr\jrurvAjr\ifuruM|fMr\jcvjojnirurur>jrgruru 


N 9 a-*K>««^ 0 O 9 -lP' 0 'G-*KUP 0 W®KIO 90 **M©O**lA(MAK»Ka^**lP 9 ® 0 OlPK»OKlW» > ‘KI 

> 0*09M(0KiiPostf'»099inir9kr. NiA^r.aiPinKioc.oeKto «j<jr-**t*-ir®-*MNMOMM«-cao o 


UJ OOO-0IPN<kPrAKIrtMK«OOOO**CO-* — «,— K^JP«»AM«r^K00®00 O -*•*-* OO ^ --O h 
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W»AKnOlOfApnrt«MMMMMMK>WMfAWK»rt»AK)fAlOMMM<MMMMrt»AlOrtrtlA»AlAiArt»ArtMMMMM 
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GO KOlT^^«®a**Kl®Oin-0N^0 '09M9**'099»A»POOO9M**»AKOOO®-0l0MOOMON«r*‘C0 
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O •••••••• • '»*•••• • «•• • •••• •••••••••• ••••» • ••••••«••• 

•— H»WK)lAK>K»K»KllGrtrtlArtrtMiArtKlrtKMOlAMlAWrtKlrtlArtK»rtK\rArttOlAMMMMMMrtrtMMMMM 


h- KOGd^ftKMOio^^ooiMaino^o-s M-*N®®KiaKio®t'njaar>s®®aw-***P®®N^iP 

cl ®r^-D'Dr>-r^^r*>r^®in-o«rc79h>r^®roK>rOAjK>Ki»orOK)rOKfHxru( , urvjx»^r^oooh>®®oooooooo 

V 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 99cD<D<X>*"r»h'.<DCOcOCOcO®a>® 

O ••••••••#»•••••■••••••••«<••••••••• •■■••*•••••«• ■•• 

H- K\KIKIKIlAlAlAlAlOmAK|HllAinf f llAlAMlAKIlOKIlAKnAlAtAH>lAinnin»OK)lAMMMMM M.M MMNMMMM 

a. 


0 OOBA.h- 0 O**OOO 9 ' 0 U> 000 B- 0 r-NO 0 IPB 0 r k ®Nr«»t*-K 99 lAM-***OoO(rin 9 KB '0 
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o 0009 0000000000000000 9-0000000000000000 ooooooooooo 

r\tKXK)<Xjr\J^IMKtK)<MK»AMMMCMrg<MOinj(MMiruOJ(»njCMnjCMAiMi<MOifVr\JAJ<MA|fMAJfMrMOIM|AJMJA|(\JCMf>J 
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• m 

o 

<v 


CO 

UJ 

O OOOOCJOOOOOOOOOOOOOOOCOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

Z oOOiMftllM^-H(>0<h®««OOOOOOI\IMmH-*P*(HM>«B«ooOOOO(\l(VM**^'*OOfrO® 


L> 

a 


CD fOa^Or'OOO^MlOOinOKOOO^MWOlPONOOO^MlAOtfKKOOO-MnolPBNOOO^M 

o ^«-.^«, 4 ^MMMMMMMMMMinKliniAK»rPHlKlPnM 9990999999 lPlPl/'UMPIPlPtfMPlP'fi '00 

S 0-9 9 9 9 999999999999999999999999999990999999999999999 
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Table III. Reduced Test Data and Calculated Performance Parameters, Configuration 3A (PPTPLP) 
(Continued) . 
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< (► 9 <«'fi'« 0 ^KNeC«^MOO»Ofrtf'««Ca 3 OOOWK»WMM*«f«“N«( 0 OOOO**ocatA<«(r 

o WKirtKiM Ajiv«r »ae««KMnirw«io*«*»-»wir(o««c«o©««K»w**M«ixiAU'irnK\iririniro 


o •*aa»^'«Nftj<viftjoooLPir»\iftjoooh^'e«Mrw(VjKi«®«ftif\)Aioooqa<MPir>u'ff' 0 - 0 '' 0 -a^)o 

u f\i®.o©f\injr\j~* — »-r-NNc® 53 NNNOO-o^in^-< ^^^^NNNNNiS'O'ONmHiroair^niNAi?' 

v. KIKIWKi 5 S 9 lM/'IT 3 !T 4 K'rtrtKl^MKl? 99 UUriririr 999 WKIKUOW«Kir^rt?J!JWrt^Mrtrt(M 


OOOOOOOOCOOOCOCOOOCOOCOOOOOOOCOOCOOCOCOOCOOOOOOOOC 
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ui ooooooocoooooooooooooooooooooooooooooooooooooooooo 
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X «K»(\lrtinin«MK)»05»79»(J?Klrt(VIOOO»»OOO*«»<-OOOrtrt«Klrt?39?9C»rtrtKl« 

o /VmfnKi<vnjfu<VA/<\/aj<\jrurt;^VAjnj»o»^Kir\;rtjaj*-i«-*Ajj\jrMrtjr\i<vi^\<AjrtjMK>^frroKTMf*>Kif 0 ^ro»o»OKiKi 
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Table III. Reduced Test Data and Calculated Performance Parameters, Configuration 3A (PPTPLP) 
(Concluded) . 
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Table IV. Reduced Test Data and Calculated Performance Parameters, Configuration 4A (PPTPPP) 
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Table V. Reduced Test Data and Calculated Performance Parameters, Configuration 5A (PPTP) 
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Table V. Reduced Test Data and Calculated Performance Parameters , Configuration 5A (PPTP) 
(Concluded) . 
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Table VI. Overall and Stage Performance Summary. 
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As tested in Configuration 7 (PPPPLP) . 
As tested in Configuration 4A (PPTPPP) . 
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Figure 2. Three-Stage Turbine Flowpath. 






Figure 4. Plain Blade Airfoils. 
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Figure 5. Stage Two Tandem Stator Assembled. 



Figure 6. Stage Three Tangentially Leaned Stator 
Airfoils Viewed Aft Looking Forward. 


46 


OiwHMW 



Figure 7. Stage Three Rotor 
Plain Blade. 


Figure 8. Stage Three 
Rotor Tandem 
Blade . 





Figure 9. Three-Stage Turbine Plain Blade Rotor Assembled. 
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Figure 10. Typical General Electric, Evendale, Air Turbine Test Facility 
Configuration. 
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Figure 11. Air Turbine Test Instrumentation 








Figure 11. Air Turbine Test Instrumentation (Concluded) 
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Figure 14. Total- to- Total Efficiency Vs. Total- to- Total Pressure Ratio at Design 
Enui valent SDeed. Base Cases Compared. 
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Figure 16. Equivalent Weight Flow Vs. Total- to- Total Pressure Ratio, Configuration 1A (PPPPPP) . 
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Figure 17. Equivalent Specific Work Vs. Total- to- Total Pressure Ratio, 
Configuration 1A (PPPPPP) . 
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Total- to-Total Efficiency Vs. Blade - Jet Speed Ratio, Configuration 1A 
(PPPPPP). 
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Configuration 1A (PPPPPP) . 
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Figure 20. Equivalent Specific Work Vs. Weight Flow - Speed Parameter 
Configuration 1A (PPPPPP) . 
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Figure 21. Equivalent Torque Vs. Total- to-Total Pressure Ratio, 
Configuration 2A (PPPPLT) . 
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Figure 24. Total- to- Total Efficiency Vs. Blade-Jet Speed Ratio, Configuration 2A 
(PPPPLT) . 
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Configuration 2A (PPPPLT) . 











<e 

CM 

c 

o 

•H 

4-> 

cd 

P 

3 

bn 

•H 

<H 

c 

o 

a 


Vh 

0) 

4-> 

CD 

e 

cd 

Sh 

cd 

Oi 


T3 

d) 

CD 

CL 

C/3 

I 

£ 

O 

r— H 


+-> 

x: 

bn 


ai 

> 

o 

a 

•H 

<H 

•H 

a 

<D 

CL 

CO 


cs • 

01 /~N 

r-i £-< 

cd J 

> O. 

•H Qi 

3 0. 

CT CU 

w ^ 


CO 

w 

0) 

u 

3 

bn 

•H 

fa 


66 




2800 


o 



jqi-M ‘9/31 ‘anb-iox auaiBA-pnba 


67 


Configuration 3A (PPTPLP) . 
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Figure 30. Total- to-Total Efficiency Vs. Blade-Jet Speed Ratio, Configuration 3A (PPTPLP) . 
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Configuration 3A (PPTPLP) . 
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Weight Flow - Speed Parameter, WNe/606, lbm/Sec^ 

Figure 32, Equivalent Specific Work Vs. Weight Flow - Speed Parameter, Configuration 3A 
(PPTPLP) . 
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Figure 33. Equivalent Torque Vs. Total- to-Total 
Pressure Ratio, Configuration 4A 
(PPTPPP) . 
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Equivalent Weight Flow, W/ 0 cr e/t>, Lbm/Sec 
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Figure 34. Equivalent Weight Flow Vs. Total- to- 

Total Pressure Ratio, Configuration 4A 
(PPTPPP) . 
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Figure 38. Equivalent Specific Work Vs. Weight - Flow Speed Parameter, Configuration 4A (PPTPPP) 
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Equivalent Weight Flow, W 9 cr e/6, Lbm/Se 



Figure 40. Equivalent Weight Flow Vs. Total- to- Total Pressure 
Ratio, Configuration 5A (PPTP) . 
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Equivalent Specific Work, E/0 r , Btu/Lbm 








Configuration 5A (PPTP) . 
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Configuration 5A (PPTP) . 
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Configuration 1A (PPPPPP) . 
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Figure 46. Predicted and Actual Total- to- Total Efficiency Vs. Blade - Jet Speed Ratio 
Configuration 1A (PPPPPP) . 
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Figure 47. Predicted and Actual Total- to-Total Efficiency Vs. Total- to- Total Pressure Ratio, 
Configuration 1A (PPPPPP) . 
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Figure 48. Total- to- Total Efficiency Vs. Total- to- Total Pressure Ratio at Design Equivalent 
Speed, Three-Stage Turbine Configurations Compared. 




89 


Figure 49. Equivalent Weight Flow Vs. Total- to- Total Pressure Ratio at Design Equivalent 
Speed, Three-Stage Turbine Configurations Compared. 
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50a. Total- to- Total Efficiency Based on Measured 
Temperature Drop and Measured Inlet and Exit 
Total Pressure Vs. Measured Total- to- Total 
Pressure Ratio at Design Speed, Configuration 
2 (PPPP) and Configuration 4 (PPTP) Compared. 
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Figure 50b. Tota 1- to- Total Efficiency Based on Measured 
Torque and Calculated Inlet and Exit Total 
Pressure Vs. Calculated Total- to- Total Pressure 
Ratio at Design Equivalent Speed, Configuration 
2 (PPPP) and Configuration 5A (PPTP) Compared. 
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Figure 51. Normalized Static Pressure Vs. Axial Station, Configuration 1A 
(PPPPPP) , at Design Equivalent Speed. 
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Figure 52. 


Normalized Static Pressure Vs. Axial Station, Configuration 2A 
(PPPPLT), at Design Equivalent Speed. 


92 




Axial Station 


Axial Station 


1.0 


Cu 

s 


0.4 


£ . 



1.2 1.3 1.4 1.5 

Axial Station 


1.6 1.7 3.0 


1.2 1.3 1.4 1.5 

Axial Station 


1.6 1.7 3.0 


Figure 53. 


Normalized Static Pressure Vs. Axial Station, 
(PPTPLP) , at Design Equivalent Speed. 
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Figure 57. Turbine Efficiency Contour Plot, Configuration 3A (PPTPLP) 





Figure 58. Turbine Efficiency Contour Plot, Configuration 5A (PPTP) 














Figure 61. 


Turbine Exit Swirl Contour Plot, 


Configuration 3A (PPTPLP) . 


101 



II 


Percent 
Radial 
Height 


40 




30 


Percent Circumferential Location 


100 



Above 10° 
8° to 10° 
6° to 8° 
2° to 6° 
-2° to 2° 



-6° to -2° 
-10° to 8° 
-14° to -10° 
Below -18° 


Figure 62. Turbine Exit Swirl Contour 


Plot, Configuration 4A (PPTPPP) 
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Figure 66. 


Stage Three Incidence Angle Contour Plot, Typical for 
Two-Stage Tandem Turbine (PPTP) . 
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Figure 67. Stage Three Incidence Angle Contour Plot, Typical for 
Two-Stage Plain Turbine (PPPP) . 
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Figure 68. Cascade Efficiency Vs. Incidence Angle, Typical for a Plain Stator 
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